Background--Emerging evidence indicates that impaired angiogenesis may contribute to hypertension-induced cardiac remodeling. The nicotinamide adenine dinucleotide-dependent deacetylase Sirtuin 3 (SIRT3) has the potential to modulate angiogenesis, but this has not been confirmed. As such, the aim of this study was to examine the relationship between SIRT3-mediated angiogenesis and cardiac remodeling.
H ypertension is causally related to cardiac remodeling, including left ventricular (LV) hypertrophy, myocardial fibrosis, and LV systolic and diastolic dysfunction. 1, 2 Findings from numerous studies demonstrate that heart size and cardiac function are tightly coupled to myocardial angiogenesis. Impaired angiogenesis may result in myocardial microvascular rarefaction, leading to a reduction in oxygen and nutrient supply that can contribute to the progression of heart diseases. [3] [4] [5] Thus, the angiogenic potential of cardiac endothelial cells may play a crucial role in modulating cardiac myocyte dysfunction, but this has not yet been confirmed. Sirtuins (SIRTs) are a family of nicotinamide adenine dinucleotide-dependent deacetylases that consists of 7 isoforms (SIRT1-SIRT7) involved in glucose and fatty acid metabolism, apoptosis, and DNA repair. 6, 7 SIRT3 localizes to the mitochondrial matrix, where it may function as a primary stress-responsive protein deacetylase. Findings from recent studies reveal that SIRT3 has beneficial effects on hypertensive heart diseases. Mechanistically, SIRT3 blocks the cardiac hypertrophic response through activation of FOXO3-dependent antioxidants, manganese superoxide dismutase (MnSOD), and catalase, as well as suppressing reactive oxygen species (ROS)-mediated Ras activation and downstream mitogen-activated protein kinase/extracellular signalregulated kinase and phosphoinositide 3-kinase/protein kinase B signaling pathways. 8, 9 From these studies, the direct protective effect of SIRT3 on cardiomyocytes is apparent. In parallel, several reports have implicated SIRT3 as an apelin-induced angiogenic growth factor expression and angiogenesis, while SIRT3 inactivation limits bone marrow cell-mediated angiogenesis and cardiac repair in postmyocardial infarction. 10 Conversely, SIRT3 overexpression inhibits glucose-induced angiogenic gene expression in human retinal endothelial cells. 11 Therefore, SIRT3 expression may play a dual role in angiogenesis based on the inducing stimuli. However, the role of SIRT3 in myocardial angiogenesis and its effect on hypertensive cardiac remodeling has not been defined. Mitophagy, selective mitochondrial degradation through autophagy, is a conserved cellular process used to eliminate damaged mitochondria. 12, 13 Defective mitophagy leads to an accumulation of damaged mitochondria and exacerbates mitochondrial oxidative stress, which may shift the cell's metabolic phenotype to adapt to different pathological stimuli. [14] [15] [16] Our studies and others demonstrate that mitophagy/autophagy may participate in endothelial senescence, migration, and angiogenesis. 17, 18 Thus, this autophagic response may be a novel target to enhance endothelial angiogenesis. A recent study also reported that SIRT3-mediated mitophagy not only protects tumor cells against hypoxia-induced apoptosis, 19 but also suppresses age-related cardiac hypertrophy. 20 However, it remains uncertain whether SIRT3-mediated angiogenesis contributes to the induction of mitophagy.
In the present study, we speculated that the potential beneficial effects of SIRT3 on hypertensive cardiac remodeling may be mediated through enhanced angiogenesis. To address this question, the present study examined the functional significance of SIRT3 in angiogenesis and mitophagy using SIRT3-deficient and transgenic (Tg) mice, as well as isolated cardiac microvascular endothelial cells (CMVECs) stimulated with angiotensin II (Ang II). Notably, we show that SIRT3 is a negative regulator of cardiac hypertrophy in mice with Ang II-induced hypertension. Similarly, conditional SIRT3 expression in the endothelium of hypertensive mice restored vascularity and ameliorated cardiac dysfunction. Further, we demonstrate that SIRT3 is a stress-responsive deacetylase that promotes myocardial angiogenesis via Pink1/Parkindependent mitophagy, thereby decreasing mitochondrial ROS production.
Methods Materials
Ang II and b-actin antibodies were purchased from Sigma Chemicals. Microfil was obtained from Flow Tech, Inc. Collagen type I, collagen type III, aldehyde dehydrogenase 2, vascular endothelial growth factor (VEGF), Pink, and Parkin antibodies were obtained from Santa Cruz Biotechnology. MnSOD and anti-4-hydroxy-nonenal antibodies were purchased from Millipore and Calbiochem, respectively. Antibodies against SIRT3, LC3B, and a-smooth muscle actin were obtained from Cell Signaling Technology. Secondary antibodies, including peroxidase-conjugated rabbit anti-goat IgG, rabbit anti-mouse IgG, and goat anti-rabbit IgG, were supplied by Life Technologies. Matrigel and collagen I rat tail protein were obtained from Corning. Lectin was purchased from Vector Laboratories. SIRT3-short hairpin RNA (shRNA) and SIRT3-overexpressing lentivirus were synthesized by Genechem Corporation. Alexa Fluor 555-labeled anti-mouse IgG, Alexa Fluor 594-labeled anti-rabbit IgG, Alexa Fluor 488-labeled anti-rabbit IgG, MitoTracker Red, MitoTracker Green, and wheat germ agglutinin were from Life Technologies. Cell culture reagents were purchased from Hyclone. What Are the Clinical Implications?
Animal Model
• Our data add to the findings of a few other studies suggesting that the angiogenic potential of cardiac endothelial cells may play a crucial role in modulating cardiac myocyte dysfunction.
• Our findings suggest that SIRT3 could promote angiogenesis through attenuating mitochondrial dysfunction caused by defective mitophagy.
old male wild-type (WT), SIRT3-KO, and SIRT3-Tg EC mice were infused with 1400 ng/kg per minute of Ang II or saline for 2 weeks (n=12/group) via subcutaneously implanted Alzet miniosmotic pumps. 21, 22 
Histology and Immunohistochemistry
Hearts were collected from euthanized mice, fixed in 4% paraformaldehyde, and embedded in paraffin. Serial 5-lm sections were stained with hematoxylin and eosin for general morphology. Masson's trichrome and Picrosirius red staining was performed to exhibit interstitial fibrosis. The collagen volume fraction was calculated by the proportion of blue areas in myocardium sections with Masson's staining using ImagePro plus software (Media Cybernetics, Inc). For immunohistochemistry, cross sections were blocked with 5% bovine serum albumin in phosphate-buffered saline for 30 minutes, followed by incubation with collagen I in 5% bovine serum albumin overnight at 4°C. Images were captured with an Olympus BX51 microscope (OLYMPUS CORPORATION). Cardiomyocyte membranes were visualized using wheat germ agglutinin (5 lg/mL) followed by determination of the single cardiomyocyte cross-sectional area. Quantitative data from at least 100 cells were determined per group. Hypoxia was visualized with a Hypoxyprobe-1 Plus Kit (Hypoxyprobe). To evaluate microvascular density, slides were incubated with lectin (5 lg/mL) in the dark. Fluorescence images were obtained with a Zeiss Axiovert A1 microscope (Carl Zeiss) and then analyzed with ImageJ software.
Microfil Perfusion
Perfusions were performed as previously described. 23 Briefly, mice were anesthetized with ketamine/xylazine intraperitoneally (100 mg/10 mg per kg). The chest and right heart atrium were infused with heparinized saline via the left ventricle, followed by 4% paraformaldehyde. The Microfil solution containing 42% MV-122, 53% diluent, and 5% curing agent was injected into the hearts at 0.3 mL/ min. Mice were placed at 4°C for 2 hours, and then hearts were collected and fixed in 4% paraformaldehyde before microCT (Skyscan 1176; Bruker) imaging. 24 Images were obtained using 50-kV, 500-lA, and 1170-ms exposure at a resolution of 9 lm voxel size. Three-dimensional morphometric quantification was performed with CT-Analyser (Bruker). Due to the cubic voxel side dimension was 9 lm, the coronary arterial lumen diameters were derived in 9-lm increments. Coronary vessel volumes by luminal diameter from 18 to 540 lm were assessed. Because the transition point of which the epicardial vessels penetrated the myocardium and became intramyocardial vessels was within the range of 126 to 162 lm in luminal diameters, intramyocardial vessels were defined as luminal diameters from 18 to 162 lm. To avoid tomographic image blurring errors, vessels <18 lm were excluded from our quantitative analysis. 25 
Ex Vivo Aortic Sprout Assay
Mouse endothelial cell proliferation was monitored by aortic sprout assays using type I collagen as previously described. 18, 26, 27 The whole thoracic aorta was removed from WT, SIRT3-KO, and SIRT3-Tg EC mice and placed in sterile phosphate-buffered saline. The isolated vessels were cleaned off perivascular tissue and cut into 1-mm segments. The aortic strips were individually imbedded in a 48-well plate coated with 150 lL type I collagen at 37°C for 30 minutes. MCDB131 medium containing 2.5% fetal bovine serum and Ang II (1 lmol/L) was added and then vessel sprouting was analyzed 8 days later with a Zeiss inverted microscope.
Transmission Electron Microscopy
Hearts were cut into 1-mm 3 sections, fixed in 2% glutaraldehyde at 4°C overnight, and then post-fixed with 1% OsO 4 before embedding in Epon. Ultra-thin sections were stained with uranyl acetate and counterstained with lead citrate. 28 Ultrastructure images were acquired with a JEM-1200EX transmission electron microscope (JEOL Ltd). 29 
Cell Culture
CMVECs were obtained from Chi Scientific, Ltd, and cultured in DMEM supplemented with 10% fetal bovine serum and 100 lg/mL endothelial cell growth factor. The cells were infected with lentivirus harboring murine SIRT3 shRNA, the SIRT3 coding sequence, or GFP-expressing control vector at a multiplicity of infection of 25. The transduced CMVECs were then treated with or without Ang II (1 lmol/L) for 12 hours.
Determination of ROS Generation
Cells were treated with Ang II for 4 hours before labeling with MitoTracker Red CMXRos for 30 minutes at 37°C, and then stained with Hochest 33 258. ROS staining was then analyzed with ImageJ software.
Quantification of LC3 Puncta, Mitophagy, and Mitochondrial Morphology
CMVECs were treated with Ang II and/or chloroquine (6 lmol/L) for 12 hours and then incubated with MitoTracker Green at 37°C for 30 minutes. To examine autophagic flux, cells were fixed and stained with anti-LC3B (1:500) at 4°C overnight followed by Alexa Flour 594 goat anti-rabbit IgG.
The autophagic flux alterations and mitochondrial morphology was detected using a Zeiss LSM 710 microscope.
Tube Formation Assay
Matrigel was thawed on ice at 4°C overnight. 
Statistical Analysis
Data represent meanAESEM. Statistical significance between 2 and multiple groups were evaluated with Student t test and 1-way ANOVA, respectively, using GraphPad Prism 5.0. P<0.05 was considered statistically significant.
Results

SIRT3 Deficiency Accelerates Ang II-Induced Cardiac Remodeling
To determine the role of SIRT3 in regulating Ang II-induced cardiac remodeling, SIRT3-KO and WT mice were infused with Ang II for 2 weeks. As expected, treatment induced a significant increase in systolic blood pressure that was similar in magnitude between WT and SIRT3-KO mice compared with their saline-treated controls ( Figure S1 ). Heart/body weight (HW/BW) ratios in SIRT3-KO mice were higher than the WT counterparts ( Figure 1A ). As exemplified by the M-mode tracings in Figure 1B through 1F, SIRT3-KO mice did not show any aberrant cardiac phenotype; however, there was greater concentric remodeling, with a greater increase in LV posterior wall thickness, LV anterior wall thickness, and LVFS and a decrease in LVESD after Ang II infusion. Consistently, histological analysis showed increased fibrosis and collagen volume in SIRT3-KO ( Figure 1G and 1H) , accompanied by increased a-smooth muscle actin, collagen Ia, and collagen IIIa with Ang II treatment ( Figure 1I through 1L) . Thus, these results indicated that SIRT3 deficiency accelerated Ang II-induced cardiac remodeling. 
SIRT3 Deficiency Exacerbates Microvascular Rarefaction
Ang II-dependent hypertension led to a reduction in the cardiac vascular network as determined by micro-computed tomography analysis with a spatial resolution of %9 lm voxel side length (Figure 2A ). The total and intramyocardial vessel volumes in WT mice were comparable to SIRT3-KO mice but decreased significantly after Ang II infusion in SIRT3-KO mice ( Figure 2B and 2C) .
Cardiac tissue sections were stained with fluoresceinconjugated tomato lectin to identify blood vessels. Immunofluorescence analysis revealed a reduction in microvascular density in WT and SIRT3-KO mice infused with Ang II, while the level tended to be lower in SIRT3-KO mice ( Figure 2D and 2E) . Consistent with these observations, tissue oxygen levels-indicated by pimonidazole staining-declined in SIRT3-KO heart but only modestly in WT controls in response to Ang II ( Figure 2F and 2G) . Previous studies indicate that VEGF-A plays a crucial role in controlling vascular network formation in cardiac tissues. Ang II-induced cardiac remodeling was also associated with decreased VEGF-A protein, which was greater in SIRT3-KO mice compared with controls-consistent with the reductions in cardiac vasculature ( Figure 2H and 2I) . These results suggested that SIRT3 deficiency exacerbates microvascular rarefaction and secondary to induce myocardial hypoxia.
SIRT3 Deficiency Aggravates Cardiac Mitochondrial Dysfunction and Oxidative Stress
SIRT3 exists in 44-kDa long and 28-kDa short form. The long form is found throughout the cell, whereas the short form is localized exclusively in the mitochondria. Notably, we found that the short form of SIRT3 was decreased in the hearts of mice subjected to Ang II infusion ( Figure 3A and 3B ).
Previous studies demonstrate that SIRT3 resides in the mitochondria and regulates many aspects of mitochondrial function. As shown in Figure 3C , electron microscopy of WT cardiac sections showed mitochondria regular in shape, compact, and with a high electron dense matrix. Conversely, SIRT3-KO hearts displayed defective mitochondrial organization. Moreover, following Ang II infusion, mitochondria in WT hearts were swollen with distorted cristae. Similar ultrastructural changes were observed in SIRT3-KO mice but more severe.
Anti-4-hydroxy-nonenal is a major aldehyde produced during lipid peroxidation. As shown in Figure 3D and 3E, anti-4-hydroxy-nonenal adducts increased in cardiac tissue from SIRT3-KO mice compared with WT controls following Ang II infusion. Moreover, aldehyde dehydrogenase 2 and MnSOD levels were significantly lower in SIRT3-KO mice. Collectively, these results suggest that the mitochondrial defects observed in Ang II-induced cardiac remodeling result from reduced SIRT3 function.
Role of SIRT3 in Modulating CMVEC Angiogenic Capacity After Ang II Challenge
To examine the effects of SIRT3 on angiogenesis, we performed endothelial-sprouting assay and microvascular tube formation assay to examine angiogenic capacity in CMVECs ex vivo. Aortic rings from WT, SIRT3-KO, and SIRT3-Tg EC mice were cultured with or without Ang II (1 lmol/L) for 8 days. As shown in Figure 4A through 4C, aortic rings from SIRT3-KO mice show a trend in reduced microvascular sprout outgrowth. Moreover, Ang II decreased sprouting in aortic rings from WT mice and to a greater extent in SIRT3-KO mice, whereas SIRT3 overexpression in the endothelium restored outgrowth. SIRT3-shRNA expression in CMVECs resulted in an 80% reduction in protein expression ( Figure S2 ). Notably, SIRT3-shRNA cells showed decreased tube length in CMVECs, while no effect was observed in empty vector controls ( Figure 4B) . Conversely, cells with lentivirus-mediated SIRT3 overexpression, which increased SIRT3 expression by 1.5-fold, rescued the Ang II-induced decrease in tube formation ( Figure 4D ), suggesting that SIRT3 overexpression could ameliorate impaired angiogenesis in response to Ang II challenge.
Inhibition of Endogenous SIRT3 Suppresses Pink/ Parkin-Mediated Mitophagy
Defects in mitophagy may exacerbate mitochondrial oxidative stress. To investigate the impact of Ang II on mitophagy in CMVECs, cells were stained with LC3B antibody. Although Ang II-induced LC3 foci formation was comparable to control, and using lysosomal inhibitor chloroquine alone resulted to an increase in LC3 foci that largely colocalized with MitoTracker Green-labeled mitochondria, the increase was much smaller in combination with Ang II. These data indicated that Ang II was effective in inhibiting autophagic flux in CMVECs ( Figure 5A ). Moreover, SIRT3-shRNA CMVECs displayed an accelerated decrease in LC3-II protein expression, whereas SIRT3 overexpression rescued this effect ( Figure 5B and 5C) . We subsequently performed co-immunoprecipitation studies to determine whether SIRT3-mediated mitophagy occurred in a Pink1/Parkin-dependent manner. As shown in Figure 5D , endogenous Pink1 and Parkin co-immunoprecipitated with SIRT3 in CMVEC lysates. Based on these observations, we next sought to understand whether Pink1/Parkin was a potential SIRT3 substrate. As seen in Figure 5E and 5F, 
Restoration of Angiogenic Capacity by Attenuating Mitochondrial Oxidative Stress
Excessive mitochondrial-derived oxidative stress can impair angiogenesis. 30 Ang II-treated cells showed enhanced mitochondrial ROS generation compared with control cells. In addition, SIRT3-shRNA cells showed an increase in Ang II-induced ROS production ( Figure 6A and 6B), whereas these effects were ameliorated in lentivirus-mediated SIRT3 counterparts ( Figure 6C and 6D) . Moreover, Ang II also decreased MnSOD expression, which was potentiated in SIRT3-shRNA cells but partly rescued in those with SIRT3 overexpression (Figure 6E and 6F) .
Coenzyme Q10 is an essential cofactor of the electron transport chain and a potent antioxidant that acts as a mitochondrial ROS scavenger. Interestingly, coenzyme Q10 treatment significantly suppressed Ang II-mediated ROS production ( Figure 6G and 6H) . Further, to assess whether Ang II-induced ROS production induced antiangiogenic effects, CMVECs were pretreated with coenzyme Q10 before Ang II treatment, which resulted in enhanced microvascular tube formation ( Figure 6I and 6J) . Thus, these results suggest that attenuating mitochondrial oxidative stress may restore the angiogenic capacity of CMVECs.
SIRT3 Overexpression Prevents HypertensionInduced Cardiac Remodeling by Restoring Angiogenesis
To test whether restored cardiac vascularity attenuated hypertension-induced cardiac remodeling, we generated homozygous SIRT3-Tg EC mice by crossing SIRT3 flox/flox with Tie2-Cre Tg mice. Notably, Ang II infusion for 14 days resulted in the development of 20% cardiac hypertrophy in WT mice, whereas SIRT3-Tg mice showed a decrease in heart/body weight ratio compared with WT mice ( Figure 7A ). Then, we performed echocardiography to evaluate the prevalence of hypertrophy and found that WT mice exhibited a greater increase in LV thickness and LVFS and a decrease in LVESD, which remained unchanged in SIRT3-Tg mice after Ang II infusion ( Figure 7B through 7F) . Similarly, SIRT3-TgEC mice were also resistant to Ang II-induced cardiac fibrosis and hypertrophy, which was robust in WT controls ( Figure 7G through 7I). Ang II treatment also significantly induced a reduction in microvessel density that was associated with severe hypoxia in the cardiac tissue of WT mice. This also was not detected in SIRT3-Tg EC mice ( Figure 7J through 7M),
suggesting that LV functions of SIRT3-Tg EC mice were preserved.
Discussion
In the present study, we demonstrated that SIRT3-KO resulted in more severe microvascular rarefaction and functional hypoxia in cardiac tissue compared with WT mice. These events were concomitant with cardiac mitochondrial dysfunction and enhanced collagen I and collagen III expression, which led to cardiac fibrosis in Ang II infusion mice. This was further accompanied by an impairment of Pink1/Parkinmediated mitophagy in CMVECs. SIRT3 overexpression restored angiogenic capacity as well as improved cardiac function and decreased fibrosis, thereby suggesting that SIRT3 could promote angiogenesis and contribute to attenuated mitochondrial dysfunction and increased Pink/Parkinmediated mitophagy. Multiple lines of evidence suggest vulnerability to hypoxia is greater in the endocardium of the left ventricle than in the epicardial layers. This phenomenon has been proven in the hearts of spontaneously hypertensive rats. 31 Similarly, several reports have indicated that Ang II-the main effector peptide of the renin-angiotensin system-induced hypertensive cardiac hypertrophy that was also associated with a reduction in microvascular density. 32 Meanwhile, angiotensin-converting enzyme inhibitors could increase microvascular density independently of its antihypertensive and antihypertrophic actions. 33 The underlying mechanism is caused, in part, by defects in the angiogenic capacity of cardiac endothelial cells, resulting in microvascular rarefaction in the endocardium. Inhibition of new blood vessel formation accelerates the development of LV dysfunction, whereas stimulation of angiogenesis improves cardiac function and delays the onset of heart failure. [34] [35] [36] Thus, therapeutic myocardial angiogenesis is a promising approach for the treatment of hypertension-induced cardiac damage. 4 Mitochondrial SIRT3 is highly expressed in metabolically active tissues, such as the heart, liver, kidney, and brown adipose tissue. 37 Although mitochondrial content in endothelial cells is modest compared with other cell types, SIRT3 exerts protective effects in response to various damage factors involved in endothelial dysfunction, such as Ang II, transforming growth factor-b, and high glucose. [38] [39] [40] Therefore, we conclude that the reduced microvascular formation and VEGF expression in cardiac tissue was accompanied by a loss of mitochondrial SIRT3 during Ang II-induced cardiac remodeling. In parallel, SIRT3 depletion reveals no compensatory effect existing from other mitochondrial Sirtuins (SIRT4 and SIRT 5) (data not shown). In addition, Ang II-induced mitochondrial dysfunction in CMVECs was characterized by elevated mitochondrial ROS production and decreased mitophagy.
To our knowledge, the majority of research regarding Pink/ Parkin-mediated mitophagy has been related to neurodegenerative diseases, such as Parkinson's disease. 41 Here, we found that Pink/Parkin is also involved in endothelial dysfunction. Further, we found that SIRT3 interacted with Pink1 and Parkin, resulting in their deacetylation by SIRT3 in vitro. Posttranslational modifications are critical for regulating Pink1 and Parkin activity and function. A review of the literature suggests that Pink1/Parkin-mediated mitophagy is mainly dependent on Pink1 kinase activity, which is required to induce translocation of the E3 ligase Parkin to depolarized mitochondria. However, a recent study showed that Pink1 can bind Beclin1 and enhance autophagy, but this is not dependent on Pink1 kinase activity. 42 Other reports demonstrate that SIRT3-mediated Pink1/Parkin pathway activation is mainly dependent on FOXO3A deacetylation. 16 Nevertheless, few studies have explored gain-of-function effects with SIRT3 on the Pink1/Parkin pathway. In the current study, we found that SIRT3 reduces ROS levels not only by enhancing MnSOD and catalase expression, but also by inducing mitophagy via direct Pink1/Parkin deacetylation. Knockdown or overexpression of SIRT3 in CMVECs altered Ang II-induced ROS generation and mitophagy. Further, mitochondrial ROS caused by defects in mitophagy was attenuated by coenzyme Q10, which also restored CMVEC angiogenesis. Collectively, these data indicated that Ang II induced mitochondrial oxidative stress partly by suppressing SIRT3-mediated mitophagy. In agreement with our results, recent studies report that SIRT3-mediated mitophagy may be involved in protecting cardiomyocytes from diabetic cardiomyopathys.
Conclusions
SIRT3-mediated attenuations in cardiac hypertrophy have been previously documented; however, our data show that the effect of SIRT3 on angiogenesis may contribute to the progression of hypertensive cardiac remodeling. Moreover, endothelialspecific SIRT3 expression in hypertensive mice restored vascularity and ameliorated cardiac dysfunction. As per the scheme presented in Figure S3 , we propose that SIRT3 drives Pink1/Parkin activity to increase rates of mitophagy in response to oxidative stress, and thereby limits the production of damaging ROS that would further promote angiogenesis. Figure S3 . Graphical summery. SIRT3 drives Pink1/Parkin activity to increase rates of mitophagy in response to oxidative stress, and thereby limits the production of damaging ROS that would further promote angiogenesis.
